INTRODUCTION {#S1}
============

Microglia are resident myeloid cells of the CNS and participate both in normal CNS function and in the progression and resolution of disease. If a unique microglial gene and microRNA signature were identified, it would provide the basis to both understand microglia biology and to modulate microglia for the treatment of CNS diseases. Related to this, the investigation of microglia has been complicated by controversy and nomenclature disputes^[@R1]--[@R3]^ and a challenge to investigators has been the development of markers that distinguish microglia from hematogenous infiltrating macrophages which have identical morphologies^[@R2]^.

Recent studies suggest that resident microglia represent a unique, indigenous cell population in the brain. Specifically, it has been shown that adult microglia derive from primitive macrophages^[@R4]^ in a Myb-independent manner^[@R5]^ via PU.1 and IRF8 dependent pathways^[@R6]^. This lineage is mainly regulated by CSFR1^[@R4]^ and its ligand, IL-34^[@R7]^. In addition, it has been reported that in the experimental autoimmune encephalomyelitis (EAE) model, infiltrating monocytes do not contribute to the residual microglial pool^[@R8]^ and that microglia can be distinguished from monocytes using red-green mice in which microglia and monocyte-derived macrophages are labeled with CX3CR1 (GFP) and CCR2 (RFP) respectively^[@R9]^. Thus, there is a resident pool of microglia that is separate from peripheral myeloid cells that infiltrate the nervous system.

We embarked on a series of investigations to identify unique biological features of microglial cells using two approaches: 1) gene and microRNA array analysis and 2) quantitative proteomic analysis. We used these two approaches to profile murine CNS-derived adult microglia vs. splenic Ly6C monocyte subsets and other immune cell types. These investigations have led to the identification of a unique TGF-β dependent microglial signature in mice, features of which are also observed in human microglial cells.

RESULTS {#S2}
=======

Identification of a unique microglial signature {#S3}
-----------------------------------------------

To identify a unique microglia signature we performed gene profiling (Source data [Fig. 1](#F1){ref-type="fig"}) and quantitative mass spectrometry analysis ([Supplementary Fig. 1](#SD1){ref-type="supplementary-material"} and Source data [Fig. 1](#F1){ref-type="fig"}) of CD11b^+^CD45^Low^ microglia isolated from the CNS and CD11b^+^Ly6C^+^ monocyte subsets isolated from the spleen of naïve adult mice. We chose Ly6C^+^ monocytes as this subset is known to be recruited to the CNS in association with inflammation^[@R10]--[@R12]^ and it was our goal to identify unique microglial signatures. Gene array identified 1572 genes that were enriched in microglia (Source data [Fig. 1](#F1){ref-type="fig"}). [Fig. 1a](#F1){ref-type="fig"} shows a scatterplot of 399 microglia enriched genes vs. 611 monocyte enriched genes with a greater than 5-fold difference (P\<0.001). We highlight four highly expressed microglial genes in the scatterplot: *Fcrls*, *P2ry12*, *Mertk* and *Pros1*. [Fig. 1b](#F1){ref-type="fig"} demonstrates the normalized intensity of both the surface and secreted microglia specific molecules. Following this we performed quantitative mass spectrometry analysis (tandem mass tagging, TMT) of microglial cells vs. splenic Ly6C^Hi^ and Ly6C^Low^ subsets. Mass spectrometry identified a total of 1991 proteins ([Supplementary Fig. 1a,b](#SD1){ref-type="supplementary-material"} and Source data [Fig. 1](#F1){ref-type="fig"}). As shown in [Fig. 1c](#F1){ref-type="fig"}, we found that 1381 of these proteins were differentially expressed between microglia and Ly6C subsets. 455 of these proteins were enriched in microglia and 926 proteins (greater than 2-fold difference) were enriched in Ly6C monocytes (Source data [Fig. 1](#F1){ref-type="fig"}). [Fig. 1d](#F1){ref-type="fig"} is a three dimensional scatterplot based on these 1381 proteins which shows a proteomic signature of microglia vs. Ly6C subsets in which we highlight five highly expressed microglial proteins in the scatterplot: P2ry12, Lgmn, Tppp, Bin1 and Rgs10. In addition to these 5 proteins, we identified a total of 74 proteins which were uniquely expressed in microglia ([Supplementary Fig. 1c](#SD1){ref-type="supplementary-material"} and Source data [Fig. 1](#F1){ref-type="fig"}). In addition, out of 103 microglial enriched proteins above 5 fold as compared with Ly6C^Low^ and Ly6C^Hi^ monocytes ([Supplementary Fig. 1d](#SD1){ref-type="supplementary-material"}), 64 of the proteins were also identified in gene profiling of microglia (Source data [Fig. 1](#F1){ref-type="fig"}).

In order to investigate the degree to which the microglial molecules we identified were expressed in other immune cell types and organ specific macrophages, we constructed a Nanostring chip that contained 354 microglial enriched genes, 40 inflammation-related genes we previously found affected in microglia in SOD1 mice^[@R12]^ and 6 housekeeping genes. We termed this chip MG400 (Source data [Fig. 1](#F1){ref-type="fig"}). 254 genes were chosen from 1572 genes and 100 proteins were chosen from 455 proteins (Source data [Fig. 1](#F1){ref-type="fig"}), all of which were specifically or highly expressed in adult mouse microglia. [Fig. 1e](#F1){ref-type="fig"} shows a heatmap analysis of microglia vs. organ specific macrophages and immune cells using the MG400 chip. We found 239 genes which were specifically expressed by microglia and 81 genes which were expressed by both microglia and organ specific F4/80^+^CD11b^+^ macrophages (Source data [Fig. 1](#F1){ref-type="fig"}). A heatmap and hierarchical clustering of microglia, organ specific macrophages and immune cell populations analyzed with the MG400 chip shows the top microglial molecules grouped according to cell localization and function ([Fig. 1f](#F1){ref-type="fig"} and Source data [Fig. 1](#F1){ref-type="fig"}).

We then performed quantitative RT-PCR (qPCR) analysis of 6 selected microglial genes to validate their expression in different cell populations ([Fig. 1g](#F1){ref-type="fig"}). We found minimal if any expression of these 6 microglial genes in other immune cells or organ-specific macrophages. Finally, in order to determine whether there was similar expression of these genes in human microglia, we performed qPCR in both fetal and adult human CNS-derived microglia and human blood-derived CD14^+^CD16^−^ and CD14^+^CD16^+^ monocytes which are analogous to murine Ly6C^Hi^ and Ly6C^Low^ subsets^[@R13]^. As shown in [Fig. 1h](#F1){ref-type="fig"}, we found that *P2ry12*, *Gpr34*, *Mertk*, *C1qa*, *Pros1* and *Gas6* are highly or uniquely expressed in human microglia. Of note, there is no human orthologous gene of *Fcrls* in humans, the most highly expressed gene in murine microglia. In summary, as shown in [Fig. 1f](#F1){ref-type="fig"}, we identified genes (e.g., *Fcrls, P2ry12*, *Tmem119*, *Olfml3, Hexb, Tgfbr1, Gpr34* and *Sall1),* which appear to be expressed in microglia as we did not detect them in immune cells, Ly6C monocytes or organ specific macrophages. Recent work demonstrated that all tissue resident macrophages are different to an extent yet cluster together when compared to monocytes and DCs and that spleen red pulp macrophages were closely associated with microglia^[@R14]^. Consistent with this, we found that red pulp macrophages are the tissue resident macrophages closest to microglia ([Fig. 1f](#F1){ref-type="fig"} and Source data [Fig. 1](#F1){ref-type="fig"}). In addition, we found that genes related to the TAM system (e.g. *Mertk*, *Pros1* and *Gas6)* were highly expressed in microglia ([Fig. 1g](#F1){ref-type="fig"}). It is well known that TAM family receptors/ligands are expressed in macrophages^[@R15]^. Furthermore, we found increased microglial expression of *C1q, Csfr1* and *Cd34* genes, which are known to be expressed on tissue resident macrophages^[@R14]^.

Thus, it appears that there are common features between CNS resident microglia and tissue macrophages. Our findings are consistent with reports that macrophage progenitors develop from the primitive ectoderm of the yolk sac^[@R4]^ and give rise to tissue macrophages that do not have a monocytic progenitor^[@R16],[@R17]^.

Next, we investigated whether the microglial genes we identified were expressed in CNS cells including astrocytes, oligodendrocytes and neurons by profiling these CNS cells with the MG400 microglial chip (Source data [Fig. 2](#F2){ref-type="fig"}). A dendogram based on unsupervised hierarchical clustering of CNS cell types demonstrates that microglia are different from CNS cells ([Fig. 2a](#F2){ref-type="fig"}). [Fig. 2b](#F2){ref-type="fig"} shows a heatmap of the 25-top specific genes in microglia and the other CNS cells ([Supplementary Table 1](#SD1){ref-type="supplementary-material"}). Principal component analysis (PCA) based on the MG400 gene expression profile shows that microglia are different than other CNS cells ([Fig. 2c](#F2){ref-type="fig"}). We compared the identified molecular signature of detected genes across all four populations and found 106 genes which were specifically expressed in microglia ([Fig. 2d](#F2){ref-type="fig"}). Correspondence analysis (COA) shows the 106 microglial specific genes (Source data [Fig. 2](#F2){ref-type="fig"}). We highlight six highly expressed microglial genes in the COA plot: *Fcrls, Olfml3, Tmeme119, P2ry12, Hexb* and *Tgfbr1* ([Fig. 2e](#F2){ref-type="fig"}). The purity of CNS cells types was established by qPCR analysis using their known unique markers ([Fig. 2f](#F2){ref-type="fig"}). qPCR analysis demonstrated that the microglia unique genes *Fcrls, Olfml3, Tmeme119, P2ry12, Hexb* and *Tgfbr1* were absent in oligodendrocytes, astrocytes and neurons ([Fig. 2g](#F2){ref-type="fig"}).

In addition, we analyzed a published database of identified genes in oligodendrocytes, astrocytes and neurons^[@R18]^. We compared the identified molecular signature of genes with expression \>3-fold across all four populations and found 152 genes which were specifically expressed in microglia ([Supplementary Table 2](#SD1){ref-type="supplementary-material"} and Source data -- [Supplementary Table 2](#SD1){ref-type="supplementary-material"}). Consistent with our results ([Fig. 2](#F2){ref-type="fig"}), *P2ry12*, *Fcrls, Tmem119*, *Olfml3, Hexb* and *Tgfbr1* were identified as unique microglial genes. Thus, these unique microglial genes may serve as targets to investigate microglia biology.

In order to better understand the physiological function of microglia based on our identified molecular signature, we performed Ingenuity pathway analysis (IPA). We found that the top microglial functions in naïve adult microglia were related to nervous system development and were not observed in monocytes ([Supplementary Fig. 2](#SD1){ref-type="supplementary-material"}). The genes related to this pathway are shown in [Supplementary Fig. 3](#SD1){ref-type="supplementary-material"}. GeneGo analysis identified PU.1 as the top transcriptional factor differentially expressed in microglia ([Supplementary Table 3](#SD1){ref-type="supplementary-material"} and [Supplementary Fig. 4](#SD1){ref-type="supplementary-material"}), which confirms previous observations that PU.1 deficient mice do not develop myeloid cells^[@R19],[@R20]^. Finally, canonical pathway ([Supplementary Fig. 5](#SD1){ref-type="supplementary-material"}) and upstream regulator analysis ([Supplementary Table 4](#SD1){ref-type="supplementary-material"}) revealed that TGF-β was among the most affected molecules in microglia ([Supplementary Fig. 6](#SD1){ref-type="supplementary-material"}). These results are consistent with our findings presented below that TGF-β is important for development and maintenance of microglia both *in vitro* and *in vivo*.

Identification of a microglial microRNA signature {#S4}
-------------------------------------------------

To further characterize microglia, we used a Nanostring based miRNA chip that contains 600 microRNAs to profile microglia vs. immune cells (Source data [Fig. 3](#F3){ref-type="fig"}). [Fig. 3a](#F3){ref-type="fig"} shows a heatmap and hierarchical clustering of mouse microglia, organ specific macrophages and immune cell populations. We found 8 microRNAs that were highly expressed in microglia. Three of these (miR-125b-5p, miR-342-3p, miR-99a) were specifically expressed in microglia as compared to other immune cell types. In addition, we identified 24 microRNAs that were highly expressed in Ly6C^+^ inflammatory monocytes and immune cells. Three of these (miR-223, miR-148a, miR-15b) were specifically expressed in Ly6C monocyte subsets. In [Fig. 3b](#F3){ref-type="fig"} we show miRNA transcript copies of unique or highly expressed microRNAs in microglia and Ly6C monocyte subsets. To validate these findings, we performed qPCR analysis of microglial miRNAs (miR-125b-5p, miR-99a, miR-342-3p) and inflammatory Ly6C^+^ miRNAs (miR-15b, miR-148a, miR-223) and found a similar expression pattern that we observed by Nanostring ([Fig. 3c,d](#F3){ref-type="fig"}). In order to determine whether there was similar expression of microglial and inflammatory monocyte miRNAs in humans, we performed qPCR in both fetal and adult CNS-derived human microglia and human blood-derived CD14^+^CD16^−^ and CD14^+^CD16^+^ monocytes (analogues of Ly6C^Hi^ and Ly6C^Low^ subsets). As shown in [Fig. 3c,d](#F3){ref-type="fig"}, we found that miR-99a, miR-125-5p and miR-342-3p were highly expressed in human microglia. Consistent with our results in mice, we also found that miR-15b, miR-148a and miR-223 were highly expressed in human monocytes with miR-223 the most selectively expressed miRNA.

In order to investigate whether the microglial miRNAs we identified were expressed in CNS cells including astrocytes, oligodendrocytes and neurons we profiled these cells with the Nanostring miRNA chip (Source data - [Supplementary Fig. 7](#SD1){ref-type="supplementary-material"}). We found that miR-342-3p was enriched in microglia, whereas both miR-125b-5p and miR-99a were highly expressed in microglia, astrocytes and neurons but not in oligodendrocytes ([Supplementary Fig. 7](#SD1){ref-type="supplementary-material"}).

Identification of unique microglial surface molecules {#S5}
-----------------------------------------------------

We identified *P2ry12* and *Fcrls* as unique microglial genes. We thus studied the surface expression of these molecules by both FACS and immunohistochemistry. To study P2ry12, we obtained a polyclonal rabbit anti-P2ry12 antibody previously described to regulate microglial activation^[@R21]^ and generated ourselves a rat anti-P2ry12 antibody. To study FCRLS, we constructed an expression vector to generate an FCRLS-Fc fusion protein and immunized rats to produce an anti-FCRLS mAb. FACS analysis shows that anti-FCRLS and anti-P2ry12 antibodies stain adult microglia isolated by conventional methods^[@R22]^ from naïve murine brain but did not stain CD11b-gated myeloid cells from murine spleen, bone marrow and peripheral blood ([Fig. 4a](#F4){ref-type="fig"}). In addition, as shown in [Fig. 4b](#F4){ref-type="fig"}, anti-FCRLS stained \>97% of total CD11b-gated cells in the brain, spinal cord and eye. FACS analysis of human cells showed that anti-P2ry12 stained a subpopulation of CD14^+^ myeloid cells isolated from fresh post-mortem brain but did not stain peripheral blood CD14^+^ monocytes ([Fig. 4c](#F4){ref-type="fig"}). No staining of human cells was observed with anti-FCRLS. Of note, the gene for FCRLS is not expressed in humans.

Immunohistochemical staining of both murine and human brain with anti-P2ry12 antibody identified cells with a microglia morphology ([Fig. 4d](#F4){ref-type="fig"}). In addition, the P2ry12 signal co-localized on CX3CR1*^GFP^* microglia in which GFP is expressed in resident microglia^[@R17],[@R23]^ ([Fig. 4e](#F4){ref-type="fig"}). The P2ry12 signal was not observed on GFAP^+^ astrocytes or NeuN^+^ neurons ([Fig. 4f](#F4){ref-type="fig"}) or peripheral tissue resident macrophages in splenic red and white pulp, lung, kidney, liver and skin ([Supplementary Fig. 8a](#SD1){ref-type="supplementary-material"}). Staining of murine microglia with a polyclonal anti-FCRLS antibody was observed by FACS ([Supplementary Fig. 8b](#SD1){ref-type="supplementary-material"}) and immunohistochemistry ([Supplementary Fig. 8c,d](#SD1){ref-type="supplementary-material"}). As shown in [Fig. 4g](#F4){ref-type="fig"}, rat anti-P2ry12 antibody stained Iba-1^+^GFP^−^ resident microglia in naïve CX3CR1*^GFP/+^* chimeric mice but not recruited Iba-1^+^GFP^+^ monocytes. To investigate whether anti-P2ry12 Ab recognized recruited monocytes under inflammatory conditions, we induced EAE in CX3CR1*^GFP/+^* chimeric mice. As shown in [Fig. 4h](#F4){ref-type="fig"} recruited GFP^+^ monocytes do not express P2ry12 and resident GFP^−^ microglia are positive for P2ry12 in both naïve and EAE mice.

Recruited monocytes do not acquire the microglia signature {#S6}
----------------------------------------------------------

Although the lineage relationship between microglia and macrophages is clear^[@R4],[@R5]^, a major question is whether or not circulating monocytes and/or myeloid progenitor cells can acquire a unique molecular microglia signature and restore microglial function in the healthy CNS and disease.

To address this question, we investigated whether Ly6C^+^ recruited monocytes acquire the microglial signature during neuroinflammation. Thus, we sorted FCRLS^+^CD11b^+^GFP^−^ resident microglia and recruited Ly6C^+^CD11b^+^GFP^+^ monocytes from EAE chimeric mice ([Fig. 4i](#F4){ref-type="fig"}). We found that recruited GFP^+^Ly6C^Hi^, GFP^+^Ly6C^Low^ and GFP^+^Ly6C^Neg^ monocyte subsets did not acquire the microglia signature during EAE and FCRLS^+^CD11b^+^GFP^−^ resident microglia express the microglial signature as defined by the MG400 chip ([Fig. 4j](#F4){ref-type="fig"} and Source data - [Figure 4](#F4){ref-type="fig"}). Thus, microglia and recruited monocytes maintain their own molecular signature during neuroinflammation.

Microglia cell lines do not express a microglia signature {#S7}
---------------------------------------------------------

Investigators have utilized microglial cell lines to investigate microglial biology *in vitro*. We thus compared the adult murine microglia signature we identified to microglial cell lines and other microglial preparations to determine the degree to which they expressed a microglial signature. We investigated newborn microglia (P1), primary cultured newborn microglia (P1-P2), microglial cell lines (N9, BV2), embryonic stem cell microglia (ESdMs)^[@R24]^ and RAW264.7 macrophages. We found that none of these cells expressed the adult microglia signature we identified. Hierarchical clustering demonstrated that freshly sorted newborn and cultured primary microglia were closest to adult microglia ([Fig. 5a](#F5){ref-type="fig"} and Source data [Fig. 5](#F5){ref-type="fig"}). [Fig. 5b](#F5){ref-type="fig"} compares expression of the top microglial genes we found to be expressed in adult microglia *in vivo* to the cell lines we tested. We then performed qPCR analysis of 10 selected microglial genes to validate their expression in different microglial cell lines. We found minimal if any expression of these 10 microglial genes in microglial cell lines. Of note, *Apoe* was highly expressed in newborn and primary microglia and had minimal expression in adult microglia ([Fig. 5c](#F5){ref-type="fig"}).

To investigate when during the course of development microglia acquire a microglia signature, we profiled embryonic (E10.5 and E12.5), post-natal (P4, P21 and P30) and adult microglia (2 months). Heatmap hierarchical cluster analysis showed that microglia expressed the lowest level of microglial genes between embryonic (E10.5, E 12.5) and postnatal P4 stages ([Supplementary Fig. 9](#SD1){ref-type="supplementary-material"} and Source data - [Supplementary Fig. 9](#SD1){ref-type="supplementary-material"}). The highest expression of microglial genes occurred in the second period, between P21 and 2 months of age ([Supplementary Fig. 9a](#SD1){ref-type="supplementary-material"}). [Supplementary Fig. 9b](#SD1){ref-type="supplementary-material"} shows expression of the top microglial genes and [Supplementary Fig. 10c](#SD1){ref-type="supplementary-material"} shows TaqMan confirmation of 10 selected genes. Of note, *Apoe* expression was downregulated in microglia during development and expression of *Apoe* reciprocally correlated with the induction of microglial genes ([Supplementary Fig. 9c](#SD1){ref-type="supplementary-material"}).

TGF-β is required for development of microglia *in vitro* {#S8}
---------------------------------------------------------

Using the microglia signature we identified, we investigated factors responsible for the growth and development of microglia *in vitro*. We cultured adult microglia in the presence of GM-CSF or MCSF with or without the addition of TGF-β1, which we identified above to be a major upstream regulator in microglia ([Supplementary Fig. 5](#SD1){ref-type="supplementary-material"} and [Supplementary Table 4](#SD1){ref-type="supplementary-material"}). As shown in [Fig. 6a](#F6){ref-type="fig"}, TGF-β1 plus MCSF induced the expression of 60 microglial genes above two fold as compared to microglia cultured in the presence of MCSF only and 108 microglial genes as compared to microglia cultured in the presence of GM-CSF (Source data [Fig. 6](#F6){ref-type="fig"}). We termed these microglia 'M0' as their phenotype resembles freshly isolated adult microglia. Adult microglia do not survive in the presence of TGF-β1 alone and no effect was observed when TGF-β1 was added to GM-CSF. 19 genes, mostly related to pro-inflammatory responses including *Ccl2* and *Ccl3*, were suppressed when cultured with MCSF or MCSF+TGF-β1 ([Fig. 6b](#F6){ref-type="fig"}). The expression of 6 selected microglial genes in MCSF+TGF-β1 cultured microglia was confirmed by qPCR ([Fig. 6c](#F6){ref-type="fig"}). Principal component analysis of cells analyzed with the MG400 chip showed that adult cultured microglia in the presence of MCSF+TGF-β1 most closely resemble freshly sorted adult microglia ([Fig. 6d](#F6){ref-type="fig"}). Of note, MCSF+TGF-β1 did not induce the expression of microglial genes ([Fig. 6e](#F6){ref-type="fig"}) or microglial miRNAs ([Fig. 6f](#F6){ref-type="fig"}) in either the N9 microglia cell line or the RAW264.7 macrophage cell line. Consistent with our findings, others have reported that *in vitro*, TGF-β1 signaling induces a quiescent microglial phenotype^[@R25]^ and promotes resting microglial properties^[@R26]^

In addition, we investigated the MG400 profile in GM-CSF cultured microglia with LPS/IFN-γ or MCSF+IL4, which are known to polarize M1 and M2 microglia, respectively^[@R27]^ ([Supplementary Fig. 10](#SD1){ref-type="supplementary-material"}). We found that M1 microglia express a high level of inflammatory-related transcripts including *Ccl2*, *Ccl3*, *Ccl5*, whereas M2 microglia express genes including IGF-1 ([Supplementary Fig. 10a,b](#SD1){ref-type="supplementary-material"}), which play a role in tissue development and neural cell renewal^[@R28]^. In order to better understand the physiological function of M0 vs. M1/M2 polarized microglia, we performed IPA analysis based on identified affected microglial genes. We found that microglial functions in M0-polarized microglia were related to nervous system development and were not observed in M1 or M2 polarized microglia ([Supplementary Fig. 10c](#SD1){ref-type="supplementary-material"}). In addition, we found that the top upstream regulators in M0 microglia were related to TGF-β1 signaling ([Supplementary Fig. 10d](#SD1){ref-type="supplementary-material"}). It should be noted however, that the regulators of M1/M2 phenotypes are not found in the intact CNS and that freshly isolated microglia from naive or diseased mice do not demonstrate these expression profiles.

TGF-β plays a critical role in microglia development *in vivo* {#S9}
--------------------------------------------------------------

Investigation of TGF-β1 in the adult mouse brain is limited since TGF-β1^−/−^ mice develop a lethal autoinflammatory syndrome shortly after birth^[@R29],[@R30]^ which is linked to a T-cell specific deficiency of TGF-β^[@R31]^. We previously generated a TGF-β1-Tg mouse in which TGF-β is linked to the IL-2 promoter (IL2*^TGF-β1^*-Tg) and T cells transiently overexpress TGF-β after TCR stimulation^[@R32]^. We crossed this IL2*^TGF-β1^*-Tg mouse with TGF-β1^−/−^ mice. Intercrossing these mice generated IL2*^TGF-β1^*-Tg-TGF-β1^−/−^ mice, which bear the transgenic *Tgfβ1* gene, but lack both endogenous TGF-β1 alleles. In IL2*^TGF-β1^*-Tg-TGF-β1^−/−^ mice, the expression of TGF-β1 is thus limited to T-lymphocytes. We found that IL2*^TGF-β1^*-Tg-TGF-β1^−/−^ mice were protected from lethal inflammation, survived into adulthood and were indistinguishable from IL2*^TGF-β1^*-Tg-TGF-β1^+/−^ littermates at the age of 4--10 weeks with no signs of inflammation or organ dysfunction. However, when we investigated the CNS of these mice, we found that these animals did not express TGF-β1 in the brain or spinal cord and we found no TGF-β1-producing T-cells in the CNS of those animals^[@R33]^. These animals have defects in extracellular glutamate homeostasis and synaptic plasticity^[@R33]^ and we have termed these animals CNS-TGFβ1^−/−^ mice. These mice thus provided the unique opportunity to investigate the effects of CNS TGF-β1 deficiency on microglia.

We found a loss of microglial cells in the CNS of adult CNS-TGFβ1^−/−^ mice as measured by immunohistochemistry with anti-P2ry12 antibody at 20 and 90 days of age and in TGF-β1^−/−^ mice just prior to death at 20 days ([Fig. 7a](#F7){ref-type="fig"}). Iba-1 staining ([Fig. 7b](#F7){ref-type="fig"}) and quantitative analysis of Iba-1^+^ myeloid cells demonstrated a reduced number of Iba-1^+^ cells in CNS-TGFβ1^−/−^ mice ([Fig. 7c](#F7){ref-type="fig"}) and these cells had a round morphology without ramified processes as compared to wild type mice ([Fig. 7b](#F7){ref-type="fig"}). We did not observe neuronal loss in either CNS-TGFβ1^−/−^ or TGF-β1^−/−^ mice ([Fig. 7b,c](#F7){ref-type="fig"}). FACS analysis with anti-FCRLS antibody at 20 and 90 days of age ([Fig. 7d](#F7){ref-type="fig"}) and quantitative analysis of FCRLS^+^CD11b^+^ cells at 20, 90 and 160 days showed that CNS-TGFβ1^−/−^ mice had loss of FCRLS^+^ microglia ([Fig. 7e](#F7){ref-type="fig"}). In addition, CD11b^+^CD45^Low^ microglia were lost in CNS-TGFβ1^−/−^ mice ([Supplementary Fig. 11a](#SD1){ref-type="supplementary-material"}). We also found increased apoptosis of CD39^+^CD11b^+^ cells at 20, 90 and 160 days of age ([Supplementary Fig. 11b,c](#SD1){ref-type="supplementary-material"}). We then investigated the expression of F4/80 at 90 days in CNS-TGFβ1^−/−^ mice; F4/80 stains organ specific macrophages and microglia^[@R5],[@R34]^. We found that there was significant reduction of F4/80^+^CD11b^+^ cells as compared to wild type mice and that the level of CD11b expression was reduced in CNS-TGFβ1^−/−^ mice ([Fig. 7f](#F7){ref-type="fig"}). We previously reported that CD39 is expressed on adult microglia and can distinguish recruited Ly6C^+^ monocytes from resident microglia^[@R12]^. In CNS-TGFβ1^−/−^ mice, we found that CD39^+^CD11b^Low^ cells were decreased in an identical fashion to F4/80^+^CD11b^Low^ cells ([Fig. 7f,g](#F7){ref-type="fig"}). Associated with this, we found an increase in CD39^−^CD11b^Hi^ cells which express Ly6C ([Fig. 7g](#F7){ref-type="fig"}) and which represent peripherally infiltrating monocytes^[@R9],[@R12]^. Quantitative analysis showed significant reduction of CD39^+^CD11b^+^ cells and a reciprocal increase in Ly6C^+^CD11b^+^ cells at 20, 90 and 160 days in CNS-TGFβ1^−/−^ mice ([Fig. 7h](#F7){ref-type="fig"}). Of note, it has been reported that endogenous TGF-β1 is essential for normal murine Langerhans cell development^[@R35]^ and TGF-β1 acts directly on Langerhans cells through an autocrine/paracrine loop^[@R36]^. However, we did not find differences in peripheral organ macrophages, dendritic cells (DCs) or Langerhans cells (LCs) in CNS-TGFβ1^−/−^ mice ([Supplementary Fig. 12](#SD1){ref-type="supplementary-material"}), consistent with the fact that loss of TGF-β1 is restricted to the CNS.

It is known that, in mice, the earliest developmental stage at which seeding of cells in the brain with myeloid features occurs at E8.5/E9.0^[@R37]^. Subsequent reports showed that microglia arise early during development from progenitors in the embryonic yolk sac^[@R4],[@R38],[@R39]^. Thus, primitive macrophages exit the yolk sac blood islands at the onset of circulation and colonize the neuroepithelium from E9.5 to give rise to microglia. The blood bran barrier begins to form at E13.5 and may isolate the developing brain from the contribution of fetal liver hematopoiesis^[@R40]^. We found no difference in CD39^+^CD11b^+^ cells between wild type and CNS-TGFβ1^−/−^ mice at E10.5 ([Supplementary Fig. 13](#SD1){ref-type="supplementary-material"}). However, at E14.5 we found a significant reduction in CD39^+^CD11b^+^ cells (from 82.7% to 14.7%) associated with reduced surface expression of CD11b. In addition, at E14.5 we found an increase in CD39^−^CD11b^+^ cells (from 6.8% to 44.5%). This same pattern was observed in newborn brain (P1). At 160 days of age we found that CD39^+^CD11b^Low^ cells were lost in CNS-TGFβ1^−/−^ mice and this was associated with a concomitant increase in CD39^−^CD11b^+^Ly6C^+^ cells ([Fig. 7h](#F7){ref-type="fig"} and [Supplementary Fig. 13a](#SD1){ref-type="supplementary-material"}). We did not find a change in the number of F4/80^+^CD11b^+^ primitive macrophages in the yolk sac at E10.5 ([Supplementary Fig. 13b,c](#SD1){ref-type="supplementary-material"}).

CNS-TGFβ1^−/−^ mice were normal until they reached 100--120 days of age when they developed motor abnormalities ([Supplementary Movie 1](#SD1){ref-type="supplementary-material"}) as measured by decreased body weight and reduced rotorod performance ([Fig. 7j](#F7){ref-type="fig"}). These mice steadily progressed to paralysis and death by 23--25 weeks of age. We also observed microglia loss in the spinal cord of CNS-TGFβ1^−/−^ mice; the number of neurons were not affected ([Supplementary Fig. 14](#SD1){ref-type="supplementary-material"}). Thus, apart from the physiologic changes described previously^[@R33]^, the only morphological changes in the brains of CNS-TGFβ1^−/−^ mice were loss of microglia.

In order to determine whether the remaining CD39^+^Ly6C^−^CD11b^Low^ cells in the CNS of CNS-TGFβ1^−/−^ mice were resident microglia which express the microglial molecular signature, we profiled them using the MG400 chip. We sorted CD39^+^Ly6C^−^CD11b^+^ by FACS from both CNS-TGFβ1^−/−^ and WT mice. We found that at 60 days of age, CD39^+^Ly6C^−^CD11b^+^ cells from CNS-TGFβ1^−/−^ mice only expressed low levels of microglial genes and recruited CD39^−^CD11b^Hi^ cells did not express microglial genes ([Fig. 8a,b](#F8){ref-type="fig"} and Source data [Fig. 8](#F8){ref-type="fig"}). qPCR analysis demonstrated that microglial genes were absent ([Fig. 8c](#F8){ref-type="fig"}). Of note, the expression of *Apoe* was markedly increased in CD39^+^Ly6C^−^CD11b^+^ cells from CNS-TGFβ1^−/−^ mice ([Fig. 8c](#F8){ref-type="fig"}). The microglia specific miRNAs miR-99a, miR-125-5p, and miR-342-3p were markedly decreased in CD39^+^Ly6C^−^CD11b^+^ cells ([Fig. 8d](#F8){ref-type="fig"}). We then investigated the expression of microglial genes during development in CNS-TGFβ1^−/−^ mice. We found that *P2ry12, Sall1 and Fcrls* were markedly decreased in microglia from CNS-TGFβ1^−/−^ mice at E14.5 and that *P2ry12* and *Sall1* were undetectable at P1. Of note, there was increased expression of *Apoe* at both E14.5 and P1 ([Fig. 8e](#F8){ref-type="fig"}). IPA analysis of canonical pathway and upstream regulator analysis ([Supplementary Fig. 5](#SD1){ref-type="supplementary-material"} and [Supplementary Table 4](#SD1){ref-type="supplementary-material"}, respectively) based on the expression of microglial genes ([Fig. 8a](#F8){ref-type="fig"}) revealed that TGF-β pathway and downstream microglial molecules, which we identified as the most affected molecules in microglia, were suppressed in CNS-TGFβ1^−/−^ mice ([Supplementary Figure 15](#SD1){ref-type="supplementary-material"}). In summary, lack of TGF-β1 affected microglial development beginning at E14.5 but did not affect microglial progenitors at the E10.5 stage.

DISCUSSION {#S10}
==========

Using a multifaceted approach we identified a unique genetic and microRNA signature for both mouse and human microglia cells that distinguishes microglia in the CNS from peripheral monocytes and other immune cells and from other cells of the nervous system. The plasticity of cell populations remains a major biologic feature of cell lineages including T cells and neurons. A similar plasticity exists in microglia that are clearly more diverse than an M1/M2 classification. Based on the microglial molecular signature we identified, we were able to define the plasticity of microglia and the factors in vivo and in vitro that affect their biology.

We identified TGF-β1 as a major differentiation factor for microglia both in vitro and in vivo. Consistent with this, we found loss of microglia in mice deficient for TGF-β1 in the CNS. Although there was no overt neuronal loss in CNS-TGF-β1^−/−^ mice, these mice developed late onset motor dysfunction. We have previously reported that these mice have defects related to glutamate recycling and synaptic plasticity^[@R33]^. Consistent with this, deficits in microglia function have been reported to contribute to synaptic abnormalities which may be present in neuro-developmental disorders^[@R41]^. CNS-TGFβ^−/−^ mice appear to show a healthy behavior phenotype throughout much of their adult life. This observation raises the possibility that other cells assume some of the functions of resident microglia at earlier stages of life such as synaptic pruning during early brain development. Detailed neuromorphological and behavioral analysis will be required to determine the extent to which abnormalities of microglia alter neurodevelopment and define which cell types might compensate.

TGF-β and their receptors are expressed at low levels by both neurons and glial cells^[@R42],[@R43]^, and their expression is upregulated in response to a wide range of neuronal insults and during aging^[@R44],[@R45]^. We observed high expression of *Tgfb1* and the *Tgfbr1* in microglia ([Fig. 1f](#F1){ref-type="fig"}). Numerous studies have demonstrated that TGF-β1 exerts a protective effect against various neuronal insults^[@R46]^.

*Tgfb1*^−/−^ animals die at 3 weeks of age of a severe multifocal autoinflammatory disorder^[@R30]^ and it has been reported that the loss of TGF-β1 in these mice leads to increased neuronal cell death and microgliosis in the brain^[@R47]^. In these studies, microglia were identified as F4/80^+^ cells which does not distinguish resident microglia from infiltrating macrophages. Using our microglial specific markers and molecular signature, we demonstrate that there is loss of microglia as opposed to microgliosis, and this loss is associated with infiltration of Ly6C positive monocytes into the brain.

Because we identified genes related to neuronal function both in cultured as well as *ex vivo* adult microglia, the presence of these genes does not simply represent extracellular absorption as the microglial genes we identified were upregulated by exogenous TGF-β1 *in vitro*. In addition to the known innate immune function of microglia, IPA identified neuronal and development function as the most significantly expressed pathways in microglia. Our results are consistent with previous studies on the role of microglial in the development and function of the nervous system^[@R41],[@R48]--[@R50]^.

We found that microglia have different phenotypes that are linked to development. Thus, embryonic and early post-natal microglia acquire the features of adult microglia after post-natal day four, possibly as newly-proliferated microglial cells begin to express differentiated functions. Commonly studied microglia cell lines and primary microglia do not express the adult microglial molecular signature and do not express the signature after culture with TGF-β1. The identification of a molecular microglial signature can now be used to determine the features which account for microglia CNS homeostatic function as well as neurotoxic vs. protective properties. We also found that organ-resident macrophages in the gut and liver are "microglia-like" as they express *Gas6* and *Mertk* and these genes may have a role in maintaining tissue homeostasis which is consistent with a recent transcriptional profiling of murine tissue macrophages^[@R14]^.

In summary, we have identified a TGFβ-1 dependent microglial signature and structures on the surface of microglia that provide the ability to distinguish microglia from infiltrating myeloid cells in the CNS. The genetic and microRNA signature we observed in mice was also found in human microglia. These findings provide new insights into microglial biology and the possibility of targeting microglia for the treatment of CNS disease.

METHODS {#S11}
=======

Animals {#S12}
-------

C57BL6 males and females, B6.Cg-Tg were obtained from Jaxmice laboratories. Adult male and female heterozygous TGF-β1^−/+^ mice were kindly provided by Sharon M. Wahl (National Institutes of Health). These mice were kept on C57BL6/Sv129 background. On the C57BL6/Sv129 background, 60--80% of (statistically expected) homozygous TGF-β1^−/−^ conceptuses reached parturition as described^[@R29]^. C57BL/6 IL2-transgenic mice that express TGF-β1 under the control of an IL2 promoter (termed IL2*^TGF-β1^*-Tg-TGF-β1^+/+^) were generated in our laboratory and are described elsewhere^[@R32]^. Those mice were crossed with TGF-β1^−/+^ animals to obtain IL2*^TGF-β1^*-Tg-TGF-β1^+/−^ mice. IL2*^TGF-β1^*-Tg-TGF-β1^+/−^ mice do not show any clinical or pathological abnormalities and breed well. Progeny mice were intercrossed at least 6 generations prior to all experimental procedures, and IL2*^TGF-β1^*-Tg-TGF-β1^−/−^ mice were generated from crossing heterozygous IL2*^TGF-β1^*-Tg-TGF-β1^+/−^ mice^[@R33]^. All experiments were performed in mice with a mixed inbred genetic background (75% C57BL6 and 25% Sv129). Because TGF-β1^−/−^ mice are not viable on a 100% C57BL6 background^[@R29]^, we refrained from backcrossing them. Heterozygous IL2*^TGF-β1^*-Tg-TGF-β1^+/−^ mice were used as a littermate control mice for IL2*^TGF-β1^*-Tg-TGF-β1^−/−^ mice. All mice were housed with sterile food and water ad libitum. Animals were euthanized through CO~2~ inhalation. The Institutional Animal Care and Use Committee (IACUC) at Harvard Medical School approved all experimental procedures involving animals.

Generation of chimeric mice {#S13}
---------------------------

Recipient lethally irradiated (950 Rad) 30 day old C57BL/6 mice were transplanted with donor syngeneic BM cells from CX3CR1-GFP^+/−^-WT mice. In these chimeras, peripheral monocytes are distinguishable from microglia by FACS^[@R12]^. We determined the percentage of chimerism 8 weeks after transplant by examining cells from the spleen. We found that 95--97% of F4/80^+^CD11b^+^ cells in the spleen were GFP^+^. In chimeric naïve or EAE mice, mononuclear cells stained for the monocyte marker CD11b could be easily subdivided into three distinct subsets: 1) CD11b^+^GFP^−^FCRLS^+^ microglia and 2) CD11b^+^GFP^+^FCRLS^−^ peripheral macrophages ([Fig. 4i](#F4){ref-type="fig"}).

Generation of anti-P2ry12 and anti-FCRLS antibodies {#S14}
---------------------------------------------------

P2ry12 polyclonal antibody was generated in rats. Adult Lewis rats were vaccinated (ip) five times (two weeks apart) with a synthetic peptide corresponding to the mouse P2Y12 C terminus (NH2-Cys-Gly-Thr-Asn-Lys-Lys-Lys-Gly-Gln-Glu-Gly-Gly-Glu-Pro-Ser-Glu-Glu-Thr-Pro-Met-OH; Anaspec)^[@R21]^. The first vaccination was given with Complete Freund's Adjuvant (CFA) and then next 3 injections with Incomplete Freund's Adjuvant (IFA) combined with the synthetic P2ry12 peptide ip to generate rat antibodies. For the 1^st^ injection, the peptide was conjugated to Keyhole Limpet Hemocyanin (KLH) plus (CFA) followed by a 2^nd^ injection with 50μg of the synthetic peptide conjugated to BSA + Incomplete Freund's Adjuvant (IFA) and then a 3^rd^ injection with 50μg of a synthetic peptide conjugated to OVA + IFA. All injections were given ip. The above injections were given 2 weeks apart. A 4^th^ injection was given two weeks later with 50μg of the synthetic peptide conjugated to KLH plus Titermax (200μl). The 5^th^ injection was given with 50μg of the synthetic peptide conjugated to BSA. First three injections were given at a 1:1 ratio with CFA or IFA. CFA, IFA and Titermax were purchased from Sigma. P2ry12 antibody was affinity purified using a Sulfolink coupling gel (Pierce) to immobilize the antigenic peptide.

In order to generate FCRLS mAb, we constructed an expression vector pFUSE-hIgG2-FC2 (InvivoGen) to generate FCRLS-Fc fused protein. Adult Lewis rats were vaccinated as described above and identified positive FCRLS 16 oligoclones were subclonned to produce FCRLS mAbs. 4G11 FCRLS clone was used in this study.

Mouse microglia isolation and sorting {#S15}
-------------------------------------

Mononuclear cells were directly isolated from C57BL6 embryos (E10.5, E12.5), newborn (P4) and adult (P21, P30 and 2m) mice. Mice were transcardially perfused with ice-cold phosphate-buffer saline (PBS), spinal cords and brains separately dissected. Single cell suspensions were prepared and centrifuged over a 37%/70% discontinuous Percoll gradient (GE Healthcare), mononuclear cells isolated from the interface, and total cell count determined. Isolated cells were labeled with FCRLS mAb to specifically sort resident microglia followed by total RNA isolation and gene/miRNA expression profiling. Resident microglia were sorted with combination of FRCLS and CD11b antibodies.

Cell suspension preparation {#S16}
---------------------------

Cell suspensions were made from brain^[@R12]^ and other tissues as described^[@R51]^ before analysis by flow cytometry. Yolk sac from mouse embryos was dissected as described^[@R52]^ and yolk sac cell suspensions were made as described^[@R4]^. Skin cell suspensions were isolated as previously described^[@R53]^ and analyzed by flow Cytometry. In brief, mouse ears were split in two dorsal and ventral parts and incubated for 1h in HBSS containing 2.4 mg/ml Dispase (working activity 1.7 U/mg; Invitrogen) to allow for separation of dermal and epidermal sheets. Epidermal and dermal sheets were then cut into small pieces, incubated fir 2h in HBSS containing 1% FBS and 0.2 mg/ml collagenase type IV (working activity of 770 U/mg; Sigma-Aldrich), and then passed through a 19G syringe to obtain homogenous cell suspension. Lung, liver, kidney and spleen cells were isolated, homogenized and incubated for 1h in 10% FBS HBSS containing 0.2 mg/ml collagenase type IV (working activity 0f 770 U/mg), and passed through a 19G syringe to obtain homogeneous cell suspension. Cell suspensions were then run either through a room temperature NycoPrep gradient 1.077 (Axis-Shield; for lung and kidney) and a room temperature isotonic Percoll (GE Healthcare; for liver) centrifugation to enrich the percentage of hematopoietic cells, as per manufacturer's instructions.

Flow Cytometry {#S17}
--------------

For fluorescent-activated cell sorting (FACS) analysis, mice were transcardially perfused with 50ml 0.01 M PBS and their brains were homogenized using a Teflon-stick homogenizer. Mononuclear cells were separated through Percoll (GE Healthcare Life Sciences) gradient centrifugation. Cells were pre-blocked with anti-CD16/CD32 Fc Block (clone 2.4G2, BD Biosciences, 5 μg ml^−1^, validated in ref. [@R12]) and stained on ice for 30 min with combinations of CD45-PerCP (clone 30-F11, BD Biosciences, 2 μg ml^−1^, validated in ref. [@R12]), CD11C-PeCy7 (clone N418, eBioscience, 5 μg ml^−1^, validated in ref. [@R7]), Ly6C-FITC (clone AL-21, BD Biosciences, 5 μg ml^−1^, validated in ref. [@R12]), CD11b-PeCy^™^7 (clone M1/70, BD Biosciences, 2 μg ml^−1^, validated in ref. [@R12]), CD11b-PE (clone M1/70, BD Biosciences, 2 μg ml^−1^, validated in ref. [@R12]), CD3 PE (clone 145-2C11; BD Bioscience, 1 μg ml^−1^, validated in ref. [@R54]), CD4-FITC (clone RM4-5, BD Biosciences, 5 μg ml^−1^, validated in ref. [@R55]) and rat IgG isotype controls (clone R35-38, BD Biosciences, 2 μg ml^−1^, validated in ref. [@R12]). FCRLS (clone 4G11, newly generated in this study) mAb was detected with goat anti-rat IgG conjugated to APC (clone Poly4054, Biolegend, 0.7 μg ml^−1^, validated in ref. [@R12]). Tissue macrophages, dendritic cells and Langerhans cells were analyzed with combinations of MHCII (I-A)-APC-Cy7 (clone M5/114.15.2, eBioscience, 2 μg ml^−1^, validated in ref. [@R7]), F4/80-PE (clone Cl:A3-1, AbD Serotec, 1 μg ml^−1^, validated in ref. [@R7]), CD11C-PeCy7 (as described before), CD45-PerCp (as described before), CD3-PE (as described before), CD19-PE (clone eBiofD3; eBioscience; 0.5 μg ml^−1^, validated in ref. [@R54]), NK1.1-PE (clone PK-136, eBioscience, 2 μg ml^−1^, validated in ref. [@R54]), CD11b-PeCy7 (as described before) or CD11b-PacBlu (clone M1/70, eBioscience, 2 μg ml^−1^, validated in ref. [@R12]), CD103-APC (clone 2E7, eBioscience, 5 μg ml^−1^, validated in ref. [@R7]), CD39-APC (clone 5F2, eBioscience, 2 μg ml^−1^, validated in ref. [@R12]) or CD39 and Ly6C previously produced in our laboratory (clone 5E12, validated in ref. [@R12]) and Ly6C (clone 6C3, Millipore, 1 μg ml^−1^, validated in ref. [@R12]). Resting red-pulp macrophages from the spleen were sorted after nonenzymatic disaggregation of the spleen and were identified as F4/80hi cells that lacked B220 but had high expression of CD11c and MHC class II^[@R14]^. A combination of AnnexinV-PE or -FITC-conjugated and 7AAD-PerCP was used to stain apoptotic and necrotic cells, respectively (BD Biosciences). Appropriate antibody IgG isotype controls (BD Biosciences) were used for all staining. FACS analysis was performed on a LSR machine (BD Biosciences), and data analyzed with FlowJo Software (TreeStar). Cell sorting was performed using a Becton Dickinson FACSARIA cell sorter.

Primary newborn mouse microglial culture {#S18}
----------------------------------------

Brains from neonatal (P0--P1) C57BL6J mice were stripped of their meninges and minced with scissors under a dissecting microscope (Stemi DV4; Zeiss) in Leibovitz-15 medium (Biological Industries). After trypsinization (0.5% trypsin for 10 minutes at 37°C, 5% CO2), the tissue was triturated. The cell suspension was washed in culture medium for glial cells (DMEM supplemented with 10% FCS \[Sigma-Aldrich\], 1mM l-glutamine, 1mM sodium pyruvate, 100U ml^−1^ penicillin, and 100mg ml^−1^ streptomycin) and cultured at 37°C, 5% CO2 in 75-cm2 Falcon tissue-culture flasks (BD Biosciences) coated with poly-d-lysine (PDL; 10mg ml^−1^; Sigma-Aldrich) in borate buffer (2.37g borax and 1.55g boric acid dissolved in 500 ml sterile water, pH 8.4) for 1 hour, then rinsed thoroughly with sterile, glass-distilled water. Half of the medium was changed after 6 hours in culture and every second day thereafter, starting on day 2, for a total culture time of 10--14 days. MG were shaken off the primary mixed brain glial cell cultures (150 rpm, 37°C, 6 hours) with maximum yields between days 10 and 14, seeded (10^5^ cells ml^−1^) onto PDL-pretreated 24-well plates (1ml/well; Corning Incorporated), and grown in culture medium for MG (RPMI-1640 medium; Sigma-Aldrich; supplemented with 10% FCS, 1mM l-glutamine, 1mM sodium pyruvate, 50mM β-mercaptoethanol, 100U ml^−1^ penicillin, and 100mg ml^−1^ streptomycin). The cells were allowed to adhere to the surface of a PDL-coated culture flask for 1 hour at 37°C, 5% CO2, and nonadherent cells were rinsed off.

Primary adult mouse microglial culture {#S19}
--------------------------------------

Adult microglia were isolated from C57BL/6 mice at age 6--10 weeks from brains, spinal cords or eyes. Tissue was homogenized using a Teflon-stick homogenizer. Mononuclear cells were separated through Percoll (GE Healthcare Life Sciences) 37%/70% gradient centrifugation (1200rpm, room temperature, with minimal acceleration and no brake using a swinging bucket rotor). Mononuclear cells were isolated from the interface. Cells were stained on ice for 20 min with anti-FCRLS mAb at 1:200 dilution in blocking buffer containing 0.25% BSA (Sigma-Aldrich) in HBSS (Invitrogen). Cell sorting was performed using Becton Dickinson FACSARIA cell sorter. Sorted microglia were cultured 6-well plate (1.2×10^5^ cells/well in 3ml) or 12-well plate (6.5×10^4^ cells/well in 2ml) in poly-D-lysine coated plates (BD Biosciences), and grown in microglia culture medium (DMEM/F-12 Glutamax; Invitrogen; supplemented with 10% FCS, 100U ml^−1^ penicillin, 100mg ml^−1^ streptomycin and mouse recombinant carrier free MCSF 10ng/ml (R&D Systems) or mouse recombinant carrier free GM-CSF 10ng ml^−1^ (R&D Systems) at 37°C, 5% CO2. Cells were cultured for at least 5 days without changing media before treatment with additional cytokines.

Generation of M0- M1- M2 adult microglia cultures {#S20}
-------------------------------------------------

Adult primary microglia were isolated as described above. M1 and M2 microglia were polarized as described elsewhere^[@R27]^. To generate M0 microglia, sorted adult primary microglia were cultured in microglia culture medium described above containing mouse recombinant carrier free MCSF 10ng ml^−1^ (R&D Systems) and 50ng/ml human recombinant TGFβ1 (Miltenyi Biotec) for 5 days.

Human Microglia isolation and cell culture {#S21}
------------------------------------------

Human fetal CNS tissue was obtained from either a human fetal tissue repository (Albert Einstein College of Medicine, Bronx, NY), or Novogenix Laboratories (Torrance, CA), following Canadian Institutes of Health Research guidelines. Human fetal microglia were isolated by mincing tissue and treating with DNase and trypsin as described previously^[@R27]^. Cells were then passed through a nylon mesh column and plated at 7×10^6^ cells ml^−1^ in DMEM containing 5% FBS. After 10--14 days in culture, floating microglia were removed and plated at 10^5^ cells ml^−1^. Human adult microglia were isolated from temporal lobe brain tissue from patients undergoing surgery for non tumor-related intractable epilepsy. All tissue used was outside of the suspected focal site and cells were isolated as described previously. Tissue was treated with DNase and trypsin, passed through a nylon mesh and cell suspension was separated on a 30% Percoll gradient. Cells were then washed, and plated at 10^5^ cells ml^−1^ in MEM containing 5% FBS. All studies using human cells received institutional review board approval.

Isolation of astrocytes {#S22}
-----------------------

12- to 16-week-old adult BAC-Glt1-EGFP reporter mice were anesthetized and perfused with ice-cold Hank's Balanced Salt Solution (HBSS). Whole brains were immediately extracted, minced, and digested with 20 unit/ml papain and 0.005% DNase in Earle's Balanced Salt Solution (EBSS)(Worthington, Lakewood, NJ) for 90 minutes at 37°C with 5% CO~2~. The tissues were then triturated with 5ml pipette and centrifuged at 300 x g for 6 minutes. Cell pellets were resuspended in low ovomucoid protease inhibitor solution (1mg/ml ovomucoid inhibitor, 1mg/ml albumin, 0.005% DNase in EBSS), overlaid on top of high inhibitor solution (10mg/ml ovomucoid inhibitor, 10mg/ml albumin in EBSS) and centrifuged at 300 x g for 6 minutes. Pelleted cells were resuspended in 10ml 30% Percoll (GE Healthcare, Piscataway, NJ) with 1% BSA and centrifuged at 300 x g for 25 min to remove myelin. Cells were then pre-blocked with anti-CD16/CD32 (Fc Block, BD Biosciences), and stained on ice for 30 min with anti-CD11b-PE-Cy7^™^. EGFP^+^/CD11b^−^ astrocytes were collected by sorting using a Becton Dickinson FACSARIA cell sorter.

Isolation of oligodendrocytes {#S23}
-----------------------------

For PLP-eGFP positive cell sorting, PLP-eGFP mice (C57/BL6 background)^[@R56]^ were perfused with cold Hank's balanced salt solution (1xHBSS). The brains were dissected and spinal cords were flushed with cold 1xHBSS. Tissues were minced into small pieces and digested with papain (30U/ml, Roche) and DNase I (10ug/ml, Sigma, St. Louis, MO) for 30 min at 37°C. The samples were dissociated by sequentially triturating for 10 times through 18G and 23G needle syringes. For pelleting, 1xHBSS containing 20% FCS was added. The cell pellets were suspended in 1xHBSS and separated in a discontinuous 30%/70% Percoll gradient^[@R57]^. Cells were collected from the 30%/70% interphase and washed in the cell sorting buffer (1xHBSS, 1%BSA, 1ug/ml DNase, 2mM EDTA). The cells were stained with CD45-APC antibody (Biolegend, San Diego, CA) as described previously^[@R57]^ and sorted by fluorescence activated cell sorting (FACS) (BD FACSAria III, Becton, Dickinson and Company). PLP-eGFP^+^ cells were uniformly CD45-negative.

Isolation of cortical and hippocampal neurons {#S24}
---------------------------------------------

Primary cortical and hippocampal neurons were prepared from embryos at age E16.5. Cerebral cortices and hippocampi were isolated and freed from meninges. Tissues were first digested with 0.25% trypsin in Hank's balanced salt solution (HBSS) for 15 min at 37°C, then washed three times with HBSS and triturated with fire-polished glass pipettes until single cells were obtained. Cell suspension was then filtered through a 70 and a 40 μm cell strainer and subjected to a spin at 1000g for a few minutes. Supernatant was removed and cell pellet was resuspended with 10 ml of HBSS. Cell density was then determined with a hemocytometer and cells were seeded at different densities according to the experimental design and need. We used Dulbecco's modified Eagle's media (DMEM) supplemented with 10% FBS for the initial plating, and the medium was changed to Neurobasal supplemented with 1× B27 (Invitrogen) in 3 h. Half medium was changed every 3 days.

RNA isolation {#S25}
-------------

Total RNA was extracted using mirVanaTM miRNA isolation kit (Ambion) according to the manufacturer's protocol.

Real-time PCR {#S26}
-------------

Total RNA (20--40ng) was used in 20--40μl of reverse transcription reaction (high-capacity cDNA Reverse Transcription Kit; Applied Biosystems) and 3ng RNA in 5μL reverse transcription reaction with specific miRNA probes (Applied Biosystems). qPCR reactions were performed in duplicates or triplicates. mRNA or miRNAs levels were normalized relative to U6 or GAPDH, respectively, by the formula 2\^(−ΔCt), where ΔCt = Ct~miR-X~-Ct~U6~ or GAPDH. All data are mean of duplicates, and the standard errors of mean were calculated between duplicates or triplicates. Real time PCR reaction was performed using Vii7 (Applied Biosystems). All qRT-PCRs were performed in duplicate or triplicate, and the data are presented as mean ± standard error of mean (s.e.m).

Human brain specimens {#S27}
---------------------

Fresh human brain was obtained from Massachusetts General Hospital pathology department within 5h from time of death. Tissue was used for immunohistochemical and FACS analysis (see [Fig. 4c,d](#F4){ref-type="fig"}).

Microarray processing and analysis {#S28}
----------------------------------

Microarray analysis was performed by genetic core facility at Harvard. Briefly, total RNA was isolated from adult brain sorted adult CD11b^+^/CD45^Low^ microglia (30 mice per sample, in biological triplicates) and splenic CD11b^+^/Ly6C^+^ monocytes (20 mice per sample, in biological triplicates). Cells were isolated from C57Bl6 mice (8--10 weeks old, pooled 1:1 females and males). RNA quality and integrity were assessed using Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA) with all samples having high-quality RNA \[RNA integrity number (RIN) = 8.7--10\]. Hybridization was performed with Affymetrix GeneChip® Mouse Exon 1.0 ST arrays (Affymetrix, Inc, Santa Clara, CA). Briefly, 200ng of total RNA from each sample were reverse transcribed to cDNA, followed by overnight *in vitro* transcription to generate cRNA, which was reverse transcribed, and the 5.5μg of sense cDNA were fragmented and labeled. The quality of cDNA and fragmented cDNA was assessed in the Agilent bioanalyzer. Microarrays were hybridized, washed, stained, and scanned according to the protocol described in manual from Affymetrix (v.4). To minimize technical (nonbiological) variability among arrays, densitometry values between arrays were normalized using the Robust Multichip Average function and further transformed to the logarithmic scale (log2). Statistically significant differences between groups were determined using GeneSpring (v.12.5) to identify the most robustly differentially expressed genes between adult brain microglia and splenic monocytes. Functional annotations were carried out using the Ingenuity Pathway Analysis (IPA; Ingenuity Systems, Redwood City, CA, <http://www.ingenuity.com>), in which gene symbols and fold changes of the up- and downregulated genes were imported (see [Supplementary Table 1](#SD1){ref-type="supplementary-material"}). Hierarchical cluster analysis was performed to see how data aggregate and a heatmap was generated with pluripotency genes. All data analysis was performed using GeneSpring v.12.5.

Mass spectrometry analysis: cell culture, harvest, and lysis {#S29}
------------------------------------------------------------

CD11b^+^/CD45^Low^ microglia (15 pooled mouse brains in biological duplicates) and splenic Ly6C^+^/CD11b^+^ monocytes (10 pooled spleens in biological duplicates) were sorted and mechanically lysed with a mechanical homogenizer with ice-cold lysis buffer composed of 50mM TRIS pH8.5, 50mM β-glycerophosphate 1mM sodium orthovanadate, 1mM PMSF and EDTA free protease inhibitor cocktail (Promega) in 8M Urea. The lysate was centrifuged at 10,000 x *g* for 20min to remove cell debris.

Mass spectrometry analysis: Sample preparation, protein digest, and peptide TMT-labeling {#S30}
----------------------------------------------------------------------------------------

Protein content was measured using a BCA assay (Thermo Scientific, Rockford, IL); disulfide bonds were reduced with 5mM DTT and cysteine residues alkylated with iodoacetamide (14 mM) essentially as previously described^[@R58]^. Protein lysates were cleaned up by methanol-chloroform precipitation and digested overnight with LysC (Wako, Japan) in a 1/100 enzyme/protein ratio in 2 M urea and 25 mM Tris-HCl, pH 8.5. The digest was acidified with 10% formic acid (FA) to a pH of \~ 2--3 and subjected to C18 solid-phase extraction (SPE) (Sep-Pak, Waters, Milford, MA). Isobaric labeling of the digested peptides was accomplished with 6-plex tandem mass tag (TMT) reagents (Thermo Fisher Scientific, Rockford, IL). Reagents, 0.8 mg, were dissolved in 40μl acetonitrile (ACN) and 1/4 of the solution were added to 100 μg of peptides dissolved in 100 μl of 200mM HEPES, pH 8.5. After 1hr (RT), the reaction was quenched by adding 8 μl of 5 % hydroxylamine. Labeled peptides (all six reagents (126--131) were combined and acidified prior to C~18~ SPE on Sep-Pak cartridges (50 mg).

Mass spectrometry analysis: Strong cation exchange (SCX) chromatography sample fractionation {#S31}
--------------------------------------------------------------------------------------------

Orthoganol sample fractionation was performed using strong cation exchange (SCX) chromatography as previously described^[@R58]^. Briefly, the labeled peptides were solubilized in SCX buffer A (7 mM KH2PO4, pH 2.7, 30% ACN) and separated via a 4.6 × 200 mm polysulfoethyl A HPLC column (particle size, 5μm; pore size, 200 Å; PolyLC, Columbia, MD). The separation was performed using applying a dual two-buffer (SCX A and B) gradient from 0 to 50% SCX buffer B (7 mM KH2PO4, 350 mM KCl, pH 2.7, 30% ACN) in 47 min at a flow rate of 1.0 ml min^−1^, followed by 50 to 100% SCX buffer A to buffer B in 4.5 min using an Agilent 1100 quaternary pump outfitted with a degasser and a photodiode array detector (PDA) (Thermo Scientific, San Jose, CA). Samples were collected in \~40 s increments into a 96-well plate, and dried under vacuum. Fractions were then redissolved with 5% FA/5% acetonitrile and combined into a total of 20 samples, which were then desalted by C18 StageTips (3M Empore), and dried under vacuum.

Mass spectrometry analysis: Liquid chromatography separation and tandem mass spectrometry (LC-MS/MS) {#S32}
----------------------------------------------------------------------------------------------------

All 20 LC-MS/MS experiments were performed on a LTQ Orbitrap Velos (Thermo Fischer) equipped with a Famos autosampler (LC Packings, Sunnyvale, CA) and an Agilent 1200 binary HPLC pump (Agilent Technologies, Santa Clara, CA). Peptides were separated onto a 100 μm I.D. microcapillary column packed first with approximately 1 cm of Magic C4 resin (5μm, 100 Å, Michrom Bioresources, Auburn, CA) followed by \~25 cm of Maccel C18AQ resin (1.8 μm, 200 Å, Nest Group, Southborough, MA). Separation was achieved through applying a gradient from 7 to 35% ACN in 0.5% FA over 160min at \~250 nl min^−1^. Electrospray ionization was enabled through applying a voltage of 1.8 kV using an inert gold electrode via a PEEK junction at the end of the microcapillary column. The LTQ Orbitrap Velos was operated in data-dependent mode for the MS methods^[@R59]^. The MS survey scan was performed in the Orbitrap in the range of 400--1500 m/z at a resolution of 3×10^4^, followed by the selection of the ten most intense ions (TOP10) for CID-MS^2^ fragmentation in the ion trap using a precursor isolation width window of 2 m/z, AGC setting of 2000, and a maximum ion accumulation of 150 ms. Singly charged ion species were not subjected to CID fragmentation. Normalized collision energy was set to 35% and an activation time of 20ms. Ions within a 10ppm m/z window around ions selected for MS^2^ were excluded from further selection for fragmentation for 120 s. Directly following each MS^2^ event, the most intense fragment ion in an m/z range between 110--160% of the precursor m/z was selected for HCD-MS^3^. The fragment ion isolation width was set to 4 m/z, AGC was set to 20,000, the maximum ion time was 250 ms, normalized collision energy was set to 60% and an activation time of 50 ms for each MS^3^ scan.

Mass spectrometry analysis: Data processing and spectra assignment {#S33}
------------------------------------------------------------------

A compendium of in-house developed software was used to convert mass spectrometric data (Raw file) to the mzXML format, as well as to correct monoisotopic m/z measurements and erroneous assignments of peptide charge state. Assignment of MS/MS spectra was performed using the Sequest algorithm by searching the data against a protein sequence database including all entries from the mouse IPI database (version 3.62; \~56,000 entries) and other known contaminants such as human keratins and its reverse decoy component (reversed order)^[@R60]^. Sequest searches were performed using a 20ppm precursor ion tolerance and requiring each peptides N-/C- termini to adhere with Ly6C protease specificity, while allowing up to two missed cleavages. Six-plex TMT tags on peptide N termini and lysine residues (+229.162932 Da) and carbamidomethylation of cysteine residues (+57.02146 Da) were set as static modifications while methionine oxidation (+15.99492 Da) was set as variable modification. A MS^2^ spectra assignment false discovery rate (FDR) of less than 1% was achieved by applying the target-decoy database search strategy^[@R60]^. Filtering was performed using a in-house linear discrimination analysis method to create one combined filter parameter from the following peptide ion and MS^2^ spectra metrics: Sequest parameters XCorr and ΔCn, peptide ion mass accuracy and charge state, in-solution charge of peptide, peptide length and mis-cleavages. Linear discrimination scores were used to assign probabilities to each MS^2^ spectrum for being assigned correctly and these probabilities were further used to filter the dataset with an MS^2^ spectra assignment FDR of smaller than a 1% at the protein level^[@R58]^.

Mass spectrometry analysis: Determination of TMT reporter ion intensities and quantitative data analysis {#S34}
--------------------------------------------------------------------------------------------------------

For quantification, a 0.03 *m/z* window centered on the theoretical m/z value of each the six reporter ions and the intensity of the signal closest to the theoretical m/z value was recorded. Reporter ion intensities were further denormalized based on their ion accumulation time for each MS^2^ or MS^3^ spectrum and adjusted based on the overlap of isotopic envelopes of all reporter ions (as determined by the manufacturer). The total signal intensity across all peptides quantified was summed for each TMT channel, and all intensity values were adjusted to account for potentially uneven TMT labeling and/or sample handling variance.

Data normalization and analysis {#S35}
-------------------------------

Heatmaps were generated employing Multi Experiment Viewer v 4.8. Expression values were transformed using the mean and standard deviation of the row (gene) of the matrix to which the value belongs, using the following formula: Value = \[(Value) -- Mean(Row)\]/\[Standard deviation(Row)\]. Hierarchical clustering analysis was performed using Pearson correlation (average linkage clustering method). Principle component analysis (PCA) and 3D scatterplot were performed with JMP v.10 (SAS Institute, Cary, NC). Correspondence analysis (COA) was performed in MeV. Venn diagrams were used to compare gene lists (<http://bioinfogp.cnb.csic.es/tools/venny/index.html>).

GeneGo Biological Pathway Analysis {#S36}
----------------------------------

Brain microglia and splenic monocyte gene expression profile was compared using Affymetrix GeneChip® Mouse Exon 1.0 ST arrays and analyzed by GeneSpring (v.12.5) as described above. Differentially regulated transcripts were analyzed using GeneGO Metacore pathway analysis (GeneGO, St. Joseph, MI; genego.com). A set of identified 399 microglial genes and 611 monocyte genes (see [Fig. 1a](#F1){ref-type="fig"} and [Supplementary Table 1](#SD1){ref-type="supplementary-material"}) were imported into MetaCore to build an analysis of functional ontologies including GeneGo process, GeneGo disease process, canonical pathway maps, and networks.

IPA (Ingenuity®) analysis {#S37}
-------------------------

Data were analyzed through the use of IPA (Ingenuity® Systems, [www.Ingenuity.com](www.Ingenuity.com)). Differentially expressed genes (with corresponding fold-changes and *p* values) were incorporated in canonical pathways and bio-functions and were used to generate biological networks. Uploaded dataset for analysis were filtered using the following cutoff definitions: 5-fold change, P\<0.01). IPA provides the most comprehensive, validated knowledgebase of interactions between biomolecules including miRNA. Further, they also provide comprehensive annotation of different functional and pathway enrichment along with the ability to present this knowledge in the form of a network of interaction.

MG400 chip design {#S38}
-----------------

The MG400 chip was designed using on quantitative NanoString nCounter platform. Genearray analyses and mass spectrometry quantitative TMT-analysis, described above, were used to identify 254 genes and 100 proteins which were specifically or highly expressed in adult mouse microglia. In addition, the MG400 chip contains 40 inflammation-related genes which were significantly affected in EAE, APP/PS1 and SOD1 mice (see [Supplementary Table 6](#SD1){ref-type="supplementary-material"}).

Immunohistochemistry {#S39}
--------------------

Transverse sections of the spinal cord or coronal sections of the brain (30μm) were treated with a permeabilization/blocking solution containing 10% FCS, 2% bovine serum albumin, 1% glycine, and 0.05% Triton X-100 (Sigma-Aldrich). Primary antibodies were applied for 1 hour in a humidified chamber at room temperature. Sections were blocked for 1 hour with blocking solution. The tissue shown in [Fig. 4d](#F4){ref-type="fig"} was stained with a rabbit anti-P2ry12 pAb (1:200, validated in ref. [@R21]). The tissue shown in [Fig. 4e--h](#F4){ref-type="fig"} was stained in combination with the rat anti-P2ry12 pAb (1:2000, newly generated in this study) we generated plus mouse anti-NeuN (1:500; Millipore, validated in ref. [@R12]), rabbit anti-Iba1 (1:500; Wako, cat. no. 019-19741, validated in ref. [@R12]) or mouse anti-GFAP (1:300; BD Pharmingen, clone 2E1, validated in ref. [@R33]). Antibodies were diluted in PBS containing 0.05% Triton X-100, 0.1% Tween 20, and 2% horse serum. Sections were incubated with the primary antibody for 12 hours at 4°C, washed with PBS, and incubated with the secondary antibodies in PBS for 1 hour at room temperature while protected from light. Secondary antibodies used for both immunocytochemistry and immunohistochemistry were donkey anti-rat or donkey anti-sheep Cy3, donkey anti-rabbit Cy5; donkey anti-mouse FITC. All antibodies were purchased from Jackson ImmunoResearch Laboratories Inc. and used at a dilution of 1:250--1:500. Control sections (not treated with primary antibody) were used to distinguish specific from nonspecific staining or autofluorescent components. Sections were then washed with PBS and coverslipped in polyvinyl alcohol with diazabicylo-octane anti-fading agent or ProLong® Gold antifade reagent with DAPI (Invitrogen).

Quantitative NanoString nCounter miRNA/gene expression analysis {#S40}
---------------------------------------------------------------

Nanostring nCounter technology ([www.nanostring.com](www.nanostring.com)) allows expression analysis of multiple genes (up to 800 genes) from a single sample. We performed nCounter multiplexed target profiling of 179 inflammation genes which consist of genes differentially expressed during inflammation and immune responses, nCounter 578 miRNA (see complete list of genes and miRNAs at [www.nanostring.com](www.nanostring.com)) and 400 microglial transcripts (MG400, see MG400 chip design). 100ng per samples of total RNA were used in nCounter analysis according to the manufacturer's suggested protocol.

Statistical analysis {#S41}
--------------------

For all statistical analyses, data distribution was assumed to be normal, but this was not formally tested. Unless otherwise indicated, data are presented as means ± s.e.m. and two-tailed Student's t-tests (unpaired) or ANOVA multiple comparison tests were used to assess statistical significance (\**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001) and calculated with GraphPad Prism 6 software (La Jolla, CA). No statistical methods were used to predetermine sample sizes, but our sample sizes are similar to those reported in previous publication^[@R12]^. Data collection and analysis were performed blind to the conditions of the experiments. Also, data for each experiment were collected and processed randomly and animals were assigned to various experimental groups randomly as well. All *n* and P values and statistical tests are indicated in figure legends. All errors bars represent s.e.m., and mean ± s.e.m is plotted for all graphs except were noted.
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![Identification of a microglia signature by gene expression and quantitative mass spectrometry\
**(a)** AffyExon1 genearray expression profile of adult mouse microglia and splenic Ly6C monocytes (biological triplicates) identified 399 genes in microglia vs. 611 genes in monocytes (\>5 fold, P\<0.001, Student's *t* test, 2-tailed) (see Source data -- Figure 1). **(b)** Gene expression of microglial molecules. Bars show mean normalized intensity ± s.e.m. (*n* = 3). **(c)** Heatmap of 1,381 mass spectrometry identified proteins differentially expressed between microglia and Ly6C subsets (ANOVA, P\<0.05) (biological duplicates) (see Source data -- Figure 1). 455 of these proteins were enriched in microglia and 926 proteins in Ly6C monocytes (see Source data -- Figure 1). **(d)** 3D-scatter plot based on the 1,381 differentially expressed proteins in microglia and monocytes. **(e)** Heatmap of microglia vs. F4/80^+^CD11b^+^ macrophages and immune cells using the MG400 chip. MG, microglia; MΦ, macrophages (see Source data -- Figure 1). **(f)** Heatmap and hierarchical clustering of microglia, macrophages and immune cells analyzed with the MG400 chip (see Source data -- Figure 1). Results were log-transformed, normalized and centered, and populations and genes were clustered by Pearson correlation. Data are representative of three different experiments with microglia pooled from 15 mice, macrophages from 10 mice and immune cells pooled from 5 mice. **(g)** qPCR analysis of identified microglial genes in different cells. Expression levels were normalized to *Gapdh* (*n* = 2). Bars show mean ±s.e.m. Shown is one representative of three individual experiments. **(h)** qPCR validation of the selected 6 microglial genes in both fetal and adult human microglia and human blood-derived monocytes. Expression levels were normalized to *Gapdh* (*n* = 2). Bars show mean ± s.e.m.](nihms560033f1){#F1}

![MG400 profile in microglia vs. astrocytes, oligodendrocytes and neurons\
**(a)** Dendogram of unsupervised hierarchical clustering (Pearson correlation; average linkage) of biological duplicates for FCRLS^+^ adult microglia (*n* = 5 mice), Glt-EGFP^+^ adult astrocytes (n = 9 mice), adult oligodendrocytes (*n* = 5 mice) and primary postnatal hippocampal and cortical neurons (see Source data -- Figure 2). Individual cell types are identified as follows: green, oligodendrocytes; orange, astrocytes; cyan, cortical neurons; dark-blue, hippocampal neurons and red, microglia. (**b**) Heatmap of top 25 enriched genes in each cell type based on hierarchical clustering. Each lane represents the average expression value of two biological duplicates per cell type. (**c**) Principle component analysis based on MG400 expression for CNS cells. (**d**) MG400 profile of detected genes (\>100 mRNA transcripts) in microglia, astrocytes, oligodendrocytes and neurons. Venn diagram displays unique and intersecting genes among cell types. (**e**) Correspondence analysis of samples (large spheres) and genes (small spheres). **(f)** qPCR analysis of CNS cell type specific genes for each population. **(g)** qPCR analysis of microglial unique genes (*P2ry12, Fcrls, Tmem119, Olfml3, Hexb* and *Tgfbr1)* as compared to spleen red pulp macrophages and CNS cell types. Expression levels were normalized to *Gapdh* (*n* = 3). Bars show mean ± s.e.m. Shown is one of two individual experiments.](nihms560033f2){#F2}

![Identification of a miRNA microglia signature\
**(a)** Heatmap and hierarchical clustering of differentially expressed miRNAs in microglia, organ specific macrophages and immune cell populations based on 600 miRNA nCounter chip (see Source data -- Figure 3). **(b)** miRNA transcript copies of highly expressed microRNAs in microglia and Ly6C monocyte subsets. Bars show mean normalized intensity ± s.e.m. of miRNA transcripts per 100 ng of total RNA (*n* = 2). **(c)** qPCR validation of microglial miRNAs (miR-99a, miR-342-3p miR-125b-5p) and **(d)** inflammatory Ly6C^+^ miRNAs (miR-15b, miR-148a, miR-223) in Ly6C monocytes, organ-specific macrophages and human fetal and adult microglia. Bars show mean normalized intensity ± s.e.m. (*n* = 3). miRNA expression level was normalized against U6 miRNA using ΔCt. One representative of two individual experiments is shown.](nihms560033f3){#F3}

![Surface expression of microglial molecules and molecular signature of recruited monocytes during EAE\
**(a)** FACS analysis of CD11b-gated cells stained with FCRLS and P2ry12 Abs. Black line represents isotype control. Data are representative of three or more replicates. **(b)** Surface expression of FCRLS in murine brain (*n* = 6), spinal cord (*n* = 5) and eye (*n* = 4) CD11b-gated cells. **(c)** FACS analysis of P2ry12 expression in human peripheral blood and brain isolated mononuclear cells (*n* = 3). **(d)** Immunohistochemistry of cells with microglial morphology stained with anti-P2ry12 Ab in murine (*n* = 6) and human brain (*n* = 2). **(e)** GFP^+^ microglia in CX3CR1^GFP^ transgenic mouse co-stained with anti-P2ry12 Ab (arrows). **(f)** Left panel shows staining with P2ry12 and GFAP (astrocyte marker); right panel shows staining with P2ry12 and NeuN (neuronal marker). Yellow arrows point to P2ry12^+^ microglia. **(g)** Rat anti-P2ry12 antibody stained Iba-1^+^GFP^−^ microglia in naïve CX3CR1*^GFP/+^* chimeric mouse but not recruited Iba-1^+^GFP^+^ monocytes (arrows). **(h)** Confocal images of spinal cord from naïve and EAE onset. Resident GFP^−^ microglia are P2ry12 positive. Recruited GFP^+^ monocytes are P2ry12 negative. Scale bar, 50 μm. **(i)** FACS sorting of FCRLS^+^ microglia from EAE chimeric mice at disease onset. Ly6C is expressed by FCRLS^−^GFP^+^CD11b^+^ recruited monocytes (G1). Ly6C is not expressed by FCRLS^+^GFP^−^CD11b^+^ microglia (G2). FACS histogram represents a pool of 5 mice. **(j)** Heatmap of top microglial genes in sorted microglia, recruited monocytes from brain (*n* = 6) and splenic monocyte (*n* = 6) subsets from EAE chimeric mice at disease onset as analyzed by MG400 chip (see Source data -- Figure 4). Data represent two independent experiments.](nihms560033f4){#F4}

![Microglia signature is not present in microglial cell lines\
**(a)** MG400 expression profile of adult microglia (*n* = 10), newborn microglia (P1) (*n* = 30), primary cultured newborn microglia (P1-P2), microglial cell lines (N9, BV2), embryonic stem cell microglia (ESdMs) and RAW264.7 macrophages (see Source data -- Figure 5). Data are representative of two different experiments. **(b)** Heatmap of top microglial genes. One representative of two individual experiments is shown. **(c)** qPCR analysis of 10 selected microglia genes. Gene expression level was normalized against *Gapdh* using ΔCt (*n* = 2). Bars show mean ± s.e.m. Shown is one representative of three individual experiments.](nihms560033f5){#F5}

![Role of TGF-β in the development of microglia *in vitro.*\
(**a** and **b**) MG400 analysis of **(a)** upregulated microglial genes and **(b)** downregulated microglial genes in cultured adult microglia in the presence of MCSF and TGF-β1 in comparison to adult microglia cultured in the presence of GM-CSF or MCSF alone (see Source data -- Figure 6). One representative of three individual experiments is shown. **(c)** qPCR analysis of 6 selected microglial genes in cultured adult microglia in the presence of MCSF and TGF-β1. Gene expression level was normalized against *Gapdh* using ΔCt (n = 6, each biological triplicate consisted of two wells per treatment). Bars show mean normalized intensity ± s.e.m. \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001, *F*~2,15=~5.829; 1-Way ANOVA followed by Dunnett's multiple-comparison *post-hoc* test. **(d)** Principal component analysis (PCA) of different cell populations based on MG400 expression profile. **(e** and **f)** qPCR analysis of *Fcrls*, *Sall1* and *Gpr-34* gene expression **(e)** and miR-99a, miR-125b-5p and miR-342-3p expression **(f)** in RAW264.7 macrophages, N9 microglia cell line and adult microglia cultures. Cells were untreated or cultured in the presence of MCSF, GM-CSF, or polarized for 48h to M0 (MCSF+TGF-β1), M1 (GM-CSF+IFNγ+LPS) or M2 (MCSF+IL4) phenotypes. RAW264.7 macrophages and N9 cells survive without MCSF or GM-CFS, whereas adult microglia require either MCSF or GM-CSF. Gene expression level was normalized against *Gapdh* using ΔCt (n = 3). miRNA expression level was normalized against U6 miRNA using ΔCt (n = 3). Bars show mean ± s.e.m. Shown is one of two individual experiments.](nihms560033f6){#F6}

![Loss of microglia in CNS-TGF-β1^−/−^ mice\
**(a** and **b)** Immunohistochemistry of brain stained with **(a)** anti-P2ry12 (microglia) and **(b)** anti-Iba-1 (myeloid cells) and anti-NeuN (neurons) at 20 and 90 days of age (IL2*^TGF-β1^*-Tg-TGF-β1^+/−^ and IL2*^TGF-β1^*-Tg-TGF-β1^−/−^) (***n*** = 6) and 20d (TGF-β1^−/−^) (***n*** = 5) mice. Scale bar, 50 μm. **(c)** Quantification of Iba-1^+^ and NeuN^+^ cells. Data represent mean ± s.e.m. at 20 days \*\**P*\<0.01, ***t****=*13.51; 90 days \*\**P*\<0.01, *t=*4.41; and 160 days \*\*\**P*\<0.001, *t=*11.29. Student's *t* test, 2-tailed. **(d)** Representative FACS analysis of brain-derived mononuclear cells stained for CD11b and FCRLS among CD45^+^ cells at 20 (***n*** = 5) and 90 (***n*** = 6) days. **(e)** Quantification of FCRLS^+^CD11b^+^ cells at 20 (*n* = 6), 90 (*n* = 5) and 160 (*n* = 5) days. Data represent mean ± s.e.m. **(f** and **g)** FACS plots show the percentage and total cell number ± s.e.m. of **(f)** F4/80^+^CD11b^+^ cells (\*\*\**P*\<0.001, *t*=15.60 Student's *t* test, 2-tailed) and **(g)** the percentage of CD39^+^CD11b^+^ cells among CD45^+^ cells at 90 days of age in IL2*^TGF-β1^*-Tg-TGF-β1^+/−^ (*n* = 5) and IL2*^TGF-β1^*-Tg-TGF-β1^−/−^ (*n* = 6) mice. **(h)** Quantification of CD39^+^CD11b^+^ cells among CD45^+^ cells and Ly6C^+^ cells as percentage of CD11b^+^ cells at 20 (*n* = 6), 90 (*n* = 5) and 160 (*n* = 5) days. Data represent mean ± s.e.m. For CD39^+^CD11b^+^ cells \*\*\**P*\<0.001, ***F*~2,13~=12.34**; 1-Way ANOVA followed by Dunnett's multiple-comparison *post-hoc* test for comparison at 20d and \*\*\**P*\<0.001, ***t***= 20.20 and \*\*\**P*\<0.001, *t*=26.36 Student's *t* test, 2-tailed for comparison at 90d and 160d, respectively. **(i)** Body mass, rotorod performance and survival in IL2*^TGF-β1^*-Tg-TGF-β1^+/−^ and IL2*^TGF-β1^*-Tg-TGF-β1^−/−^ mice (n = 10/group).](nihms560033f7){#F7}

![Molecular microglial signature in CNS-TGF-β1 deficient mice\
**(a)** MG400 profile of brain CD39^+^CD11b^+^ cells in IL2*^TGF-β1^*-Tg-TGF-β1^+/−^ (*n* = 3) and IL2*^TGF-β1^*-Tg-TGF-β1^−/−^ mice at 60d of age (*n* = 3) (see Source data -- Figure 8). Heatmap of top microglial genes is shown. Results were log-transformed, normalized (to the mean expression of zero across samples) and centered. **(b)** Affected microglial genes in CD39^+^CD11b^+^ cells from and IL2*^TGF-β1^*-Tg-TGF-β1^−/−^ mice as compared to IL2*^TGF-β1^*-Tg-TGF-β1^+/−^ mice showing at least \>5-fold difference. (**c** and **d**) qPCR validation of **(c)** 9 selected microglial genes and **(d)** 3 miRNAs at 60 days of age. Expression levels were normalized to *Gapdh*. Data represent mean ± s.e.m. (n = 3 mice per group) for *P2ry12*, \*\*\*\**P*\<0.0001, *F*~2,9=~335.5; *Fcrls*, \*\*\*\**P*\<0.0001, *F*~2,9=~221.5; *Sall1*, \*\*\*\**P*\<0.0001, *F*~2,9=~69.4; *Itgb5*, \*\*\*\**P*\<0.0001, *F*~2,9=~102.0; *Mertk*, \*\*\*\**P*\<0.0001, *F*~2,9=~234.8; *Gpr34*, \*\*\*\**P*\<0.0001, *F*~2,9=~71.5; *Pros1*, \*\*\**P*=0.002, *F*~2,9=~24.2; *C1qa*, \*\*\*\**P*\<0.0001, *F*~2,9=~93.4; *Apoe*, \*\*\*\**P*\<0.0001, *F*~2,9=~110.8; 1-Way ANOVA followed by Dunnett's multiple-comparison *post-hoc* test. **(e)** qPCR validation of 4 selected microglial genes at E14.5 (*n* = 4) and P1 (*n* = 5) mice. Data represent mean ± s.e.m. For *P2ry12* at E14.5 \*\*\*\**P*\<0.0001, t=11.91; at P1 \*\*\*\**P*\<0.0001, t=18.48; For *Fcrls* at E14.5 \**P*=0.035, t=3.66; at P1 \*\**P*\<0.006, t=5.26; For *Sall1* at E14.5 \*\*\*\**P*\<0.0001, t=18.38; at P1 \*\**P*=0.0034, t=6.24; For *Apoe* at E14.5 \**P*=0.0221, t=2.97; at P1 \*\**P*=0.0088, t=3.62; (Student's t test, unpaired).](nihms560033f8){#F8}
